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Using a partonic transport model based on the Nambu-Jona-Lasinio model, we study the effect
of scalar and vector mean fields on the elliptic flows of quarks and antiquarks in relativistic heavy
ion collisions in Au+Au collisions at
√
sNN = 7.7 GeV and impact parameter b = 8 fm that leads
to the production of a baryon-rich matter. Although the scalar mean field, which is attractive
for both quarks and antiquarks, reduces both their elliptic flows, the vector mean field, which is
repulsive for quarks and attractive for antiquarks, leads to a splitting of their elliptic flows, and this
effect increases with the strength of the vector coupling in the baryon-rich quark matter. Converting
quarks and antiquarks at hadronization to hadrons via the quark coalescence model, we further study
the dependence of the transverse momentum integrated relative elliptic flow differences between
protons and antiprotons, lambda and anti-lambdas, and positively and negatively charged kaons on
the strength of the quark vector coupling. These results are then compared with the experimental
data measured by the STAR Collaboration in the Beam Energy Scan program at the Relativistic
Heavy Ion Collider.
PACS numbers: 25.75.Nq, 25.75.Ld
I. INTRODUCTION
In relativistic heavy-ion collisions, a hot and dense
matter that consists of deconfined quarks and gluons is
produced in the initial stage. Depending on the energy of
collisions, this so-called quark-gluon plasma (QGP) can
have various temperatures and baryon chemical poten-
tials. As the formed QGP expands and cools, it is con-
verted to the normal hadronic matter (HM). Therefore,
heavy ion collisions at relativistic energies provide the
possibility to study the phase structure of the strongly
interacting matter that is described by the quantum chro-
modynamics (QCD). For the top energy available at the
Relativistic Heavy Ion collider (RHIC) and at the Large
Hadron Collider (LHC), the produced QGP are nearly
baryon free and thus has very small baryon chemical po-
tentials. According to the lattice QCD calculations [1–3],
the transition from the QGP phase to the HM phase in
this region of the phase diagram is a smooth crossover
without a clear phase boundary. The phase transition
between QGP and HM is, however, expected to change
from the crossover to a first-order transition at certain
finite baryon chemical potential called the critical point
in the QCD phase diagram [4–7]. To probe this region of
the QCD phase diagram, the Beam Energy Scan (BES)
program at much lower energies of
√
sNN = 7.7, 11.5, and
39 GeV than the top energy have recently been carried
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out at RHIC by the STAR Collaboration [8]. Although
no definitive signals for a first-order phase transition and
the critical end point have been established, a number of
interesting results have been observed [9]. One of them
is the increasing difference between the elliptic flows of
particles and antiparticles, thus a breaking of the con-
stituent quark number scaling of elliptic flows, as the
collision energy decreases. Such a behavior cannot be
described by a simple hydrodynamic or hadronic cascade
model even if the quark coalescence is considered during
the hadronization of produced QGP [10]. Several theo-
retical attempts have been made to explain this surpris-
ing experimental result [11–14]. In particular, the effect
of hadronic mean-field potentials on the elliptic flows of
particles and antiparticles has been studied in Ref. [13]
using a multiphase transport (AMPT) model that in-
cludes both initial partonic and final hadronic scatter-
ings [15, 16]. Because of the different mean-field po-
tentials for particles and antiparticles in the baryon-rich
matter formed in these collisions, p, K+ and π− were
found to have larger elliptic flows than p¯, K− and π+,
respectively, as observed in experiments. However, these
results are not in quantitative agreement with the exper-
imental data. The calculated relative integrated elliptic
flow difference between particles and antiparticles, de-
fined by [v2(particle)− v2(antiparticle)]/v2(particle), for
Au+Au collisions at
√
sNN = 7.7 GeV and impact pa-
rameter b = 8 fm is about a factor of two smaller than
the measured values of 63 % for p and p¯ and -3 % for
π+ and π− but is about a factor two larger than the
measured value of 13 % for K+ and K−. The study
in Ref. [13] has neglected the effect of mean-field poten-
tials in the initial partonic stage. As shown in Ref. [17]
using a partonic transport model based on the Nambu-
2Jona-Lasinio (NJL) model [18, 19] for Au+Au collisions
at
√
sNN = 200 GeV, where the baryon chemical po-
tential of produced matter is small, the attractive scalar
mean field on quarks and antiquarks was found to reduce
their elliptic flows. Since the NJL model is constructed
to describe the chiral phase transition, the quark con-
densate essentially vanishes above the phase transition
temperature. The quark scalar mean field is thus small
in the quark phase and affects the quark elliptic flow
only when the temperature of the system drops below
the critical temperature. In the present study, we extend
the study of Ref. [17] to also include the effect due to the
vector mean field in the quark matter. Since the latter
is repulsive for quarks and attractive for antiquarks in
baryon-rich quark matter, it increases the elliptic flow of
quarks and reduces that of antiquarks. Using the coales-
cence model to convert quarks and antiquarks to hadrons
at hadronization, we further find that the vector mean
field in the QGP also leads to an increase of the elliptic
flows of p and Λ, and a decrease of the elliptic flows of
p¯ and Λ¯. Our results thus demonstrate that besides the
hadronic mean-field effects discussed in Ref. [13], includ-
ing the partonic mean fields also help explain the large p
and p¯ as well as Λ and Λ¯ relative v2 differences observed
in experiments. Also, information on the strength of the
quark vector mean field is important for understanding
the equation of state of QGP at finite baryon chemical
potential, which at present cannot reliably be obtained
from lattice studies. As shown in studies based on both
the NJL and the Polyakov-Nambu-Jona-Lasinio (PNJL)
models [4–7], the existence and the location of the crit-
ical point in the QCD phase diagram is sensitive to the
strength of isoscalar vector coupling. A critical point
only exists if the strength of the vector coupling is small.
Otherwise, the phase transition is always a crossover.
It is worthwhile to note that the elliptic flow in heavy
ion collisions at a similar energy range was previously
studied in fixed target experiments at both the Alternat-
ing Gradient Synchrotron (AGS) and the Super Proton
Synchrotron (SPS). However, the splitting of the par-
ticle and antiparticle elliptic flows were not specifically
addressed in these studies. Theoretically, a number of
transport models were used to study heavy ion collision
at these energies, such as the relativistic quantum molec-
ular dynamics (RQMD) [20], the relativistic transport
model (ART) [21], the ultra-relativistic quantum molec-
ular dynamics (UrQMD) [22], and the hadron-string dy-
namics (HSD) [23], but none of them includes a partonic
stage in the evolution of the produced hot dense matter.
Although the PHSD [24], which is an extension of the
HSD, included the partonic mean fields, it only has the
scalar one because it is based on the use of a temperature-
dependent parton thermal mass to fit the lattice equation
of state at zero baryon chemical potential.
This paper is organized as follows: In Sec. II, we
briefly review the NJL model for three flavors of quarks
and antiquarks and discuss the mean-field approxima-
tions. We then describe in Sec. III the partonic transport
model, with the mean fields taken from the NJL model,
that is used to study the time evolution of the parton
phase-space distributions in relativistic heavy-ion colli-
sions. Results on the quark and antiquark elliptic flows
from solving the transport model are shown in Sec. IV
together with those of p and p¯, Λ and Λ¯, and K+ and
K− that are obtained from quarks and antiquarks by us-
ing the coalescence model at hadronization. Finally, a
summary is given in Sec. V.
II. THE NAMBU-JONA-LASINIO MODEL
The NJL Lagrangian for three quark flavors has the
form [7]:
L = ψ¯(i 6 ∂ −M)ψ + G
2
8∑
a=0
[
(ψ¯λaψ)2 + (ψ¯iγ5λ
aψ)2
]
+
8∑
a=0
[
GV
2
(ψ¯γµλ
aψ)2 +
GA
2
(ψ¯γµγ5λ
aψ)2
]
− K
[
detf
(
ψ¯(1 + γ5)ψ
)
+ detf
(
ψ¯(1− γ5)ψ
)]
, (1)
where ψ = (ψu, ψd, ψs)
T , M = diag(mu,md,ms) and λ
a
is the Gell-Mann matrices with λ0 being identity ma-
trix multiplied by
√
2/3. In the case that the vector and
axial-vector interactions are generated by the Fierz trans-
formation of the scalar and pseudo-scalar interactions,
their coupling strengths are given by GV = GA = G/2.
The last term is the Kobayashi-Maskawa-t’Hooft (KMT)
interaction that breaks U(1)A symmetry [25] with detf
denoting the determinant in flavor space [26]:
detf (ψ¯Γψ) =
∑
i,j,k
εijk(u¯Γqi)(d¯Γqj)(s¯Γqk). (2)
It gives rise to four-point interactions in two flavors and
six-point interactions in three flavors. In the two flavor
case, the sum of scalar and pseudo-scalar interactions and
the KMT interaction with K=-G reduces to the original
NJL model [4, 18].
Considering only the flavor singlet vector interaction
in the second interaction term and taking the mean-field
approximation, the Lagrangian becomes [4, 27]
L = ψ¯
(
i∂µ − 2
3
GV 〈ψ¯γµψ〉
)
γµψ − ψ¯M∗ψ + ... (3)
where M∗ = diag(Mu,Md,Ms) with
Mu = mu − 2G〈u¯u〉+ 2K〈d¯d〉〈s¯s〉,
Md = md − 2G〈d¯d〉+ 2K〈s¯s〉〈u¯u〉,
Ms = ms − 2G〈s¯s〉+ 2K〈u¯u〉〈d¯d〉, (4)
and ... denotes constant terms such as 〈ψ¯ψ〉2. The mean
3fields are calculated as following:
〈q¯iqi〉 = −2MiNc
∫
d3k
(2π)3Ei
[1− fi(k)− f¯i(k)],
〈ψ¯γµψ〉 = 2Nc
∑
i=u,d,s
∫
d3k
(2π)3Ei
kµ[fi(k)− f¯i(k)], (5)
where Nc is the number of colors, and fi(k) and f¯i(k) are
the Fermi-Dirac distributions of partons of flavor i and
its anti-flavor, respectively, if the quark matter is in ther-
mal equilibrium. Because the NJL model is not renor-
malizable, the momentum integration requires a cut-off
Λ. For the parameters in the NJL model, we use those
from Refs. [7, 28], that is, mu = md = 3.6 MeV, ms = 87
MeV, GΛ2 = 3.6, KΛ5 = 8.9, and Λ = 750 MeV, unless
otherwise stated. We note that the vector coupling in the
NJL model can, in principle, be fixed by the masses of ρ
and a1 mesons in vacuum. This approach is, however, not
reliable as their masses are similar to the cutoff parame-
ter in the NJL model. Also, results from the lattice QCD
have led contradictory conclusions on the vector coupling
in the partonic matter, with the baryon number suscep-
tibilities requiring a very small vector coupling [29–31]
and the curvature of the crossover boundary requiring a
large one [7]. Because of these uncertainties, we take the
vector coupling as a parameter in the present study.
III. TRANSPORT EQUATION FOR PARTONIC
MATTER
Similar to that for the hadronic matter [32, 33], the
time evolution of the partonic matter produced in rel-
ativistic heavy ions collisions can be described by the
following transport equation for the parton phase-space
distribution function f(x,p);
∂
∂t
f + ~v · ∇xf −∇xH · ∇pf = C, (6)
where H(x,p) is the Hamiltonian of a quark in the self-
consistent scalar and vector mean fields, and C denotes
the collision term that describes the scatterings among
partons. Although both the elastic and inelastic scatter-
ing cross sections can be calculated from the NJL model
beyond the mean-field approximation [34], we use in the
present study a constant isotropic parton elastic scat-
tering cross section of 2 mb, which is about a factor of
two smaller than the average quark-quark and quark-
antiquark elastic cross sections calculated from the NJL
model [35], in order to obtain quark and antiquark el-
liptic flows that, after their hadronization, would lead to
hadron elliptic flows similar to those measured in experi-
ments. We note that the use of a smaller parton scatter-
ing cross section reflects the fact that treating particles in
the corona region of a heavy ion collisions also as partonic
matter we overestimates the partonic effect. Also, the ef-
fect of the annihilation and production of quarks and
antiquarks (qq¯ ↔ MM¯) during the expansion is small
in the NJL model since these processes are suppressed
at temperature above Tc when meson masses are large
compared to those of quarks, which are essentially zero
above Tc.
For a parton in the scalar and vector mean fields de-
rived from the NJL model, we have in Eq.(6)
H =
√
M∗2 + p∗2 + gV ρ
0 ≡ E∗ ± gV ρ0, (7)
where p∗ = p∓gV ρ with ρ ≡ 〈ψ¯γψ〉 and gV ≡ (2/3)GV ;
ρ0 ≡ 〈ψ¯γ0ψ〉 being the local net baryon density calcu-
lated from the parton phase-space distribution function
f(x,p). The upper and lower signs are for quarks and
antiquarks, respectively.
In the test particle method of solving the transport
equation [36], their equations of motion are given by
dxi
dt
=
∂H
∂pi
=
p∗i
E∗
, (8)
dpi
dt
= −∂H
∂xi
= −M
∗
E∗
∂M∗
∂xi
+ gV
(
vj
∂ρj
∂xi
− ∂ρ0
∂xi
)
. (9)
In the case that the effective mass of the (anti)quark does
not change with position, the LHS of Eq. (9) leads to the
familiar Lorentz force:
Fi =
dp∗i
dt
=
dpi
dt
− gV dρi
dt
= gV
(
vj
∂ρj
∂xi
− ∂ρ0
∂xi
− ∂ρi
∂t
− vj ∂ρi
∂xj
)
= gV (v ×B+E)i, (10)
with B = ∇× ρ and E = −∇ρ0 − ∂ρ/∂t.
Because of the momentum cutoff in Eq. (5), only par-
tons with momentum smaller than the cutoff contributes
to the scalar and vector densities. In the transport model
with densities calculated by dividing the space into cells,
this is implemented by counting partons in a cell whose
momenta in the rest frame of the cell are less than the
cutoff. The mean fields acting on a parton in a cell are
then obtained from the scalar and vector densities, the
latter being determined from the Lorentz boost of the one
calculated in the cell rest frame to the laboratory frame,
with corresponding coupling constants if its momentum
is below the cutoff. For patrons with momentum above
the cutoff, they are not affected by mean fields and are
thus treated as free particles. We note that including
these high momentum brings the quark matter equation
of state closer to that from the lattice QCD calculations,
which would otherwise differ significantly [35].
IV. RESULTS
For the initial quark and antiquark rapidity and trans-
verse momentum distributions in a relativistic heavy-ion
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FIG. 1: (Color online) Rapidity distributions of down and
anti-down quarks as well as (anti-)strange quarks in Au+Au
collisions at
√
sNN = 7.7 GeV and impact parameter b = 8 fm
from the AMPT model.
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FIG. 2: (Color online) Transverse momentum distributions of
down and anti-down quarks as well as (anti-)strange quarks in
Au+Au collisions at
√
sNN = 7.7 GeV and impact parameter
b = 8 fm from the AMPT model.
collision, we use the valence quarks and antiquarks con-
verted from hadrons that are obtained from the Heavy-
Ion Jet Interaction Generator (HIJING) model [37]
through Lund string fragmentation as implemented in
the AMPT model with string melting [16]. They are
given in Fig. 1 and Fig. 2 for down and anti-down quarks
as well as (anti-)strange quarks in Au+Au collisions at
√
sNN = 7.7 GeV and at impact parameter b = 8 fm
1.
The distributions of up and anti-up quarks are slightly
smaller than those of down and anti-down quarks. It
is seen that the number of down quarks is more than
twice that of anti-down quarks in heavy ion collisions
at this energy, indicating that the produced quark mat-
ter is baryon-rich. We note that strange quarks have a
softer transverse momentum spectrum than anti-strange
quarks in the AMPT model because they are mostly from
the conversion of hyperons while anti-strange quarks are
mostly from the conversion of strange mesons. The (anti-
)strange quark transverse momentum spectrum shown in
Fig. 2 is obtained by randomly interchanging the posi-
tions and momenta of strange and anti-strange quarks
since they are expected to have similar transverse mo-
mentum spectra if they were taken directly from the de-
cay of produced strings.
We solve Eqs. (5), (8), and (9) numerically and then
use the resulting parton momentum distributions to eval-
uate their elliptic flow v2 according to
v2 =
1
N
N∑
i=1
(p∗2x )i − (p∗2y )i
(p∗2x )i + (p
∗2
y )i
, (11)
where N is the total number of test particles.
Although energy is not conserved in the coalescence
model as it is based on the sudden approximation, the
violation is, however, not large. As shown in Ref. [16],
it is about 1%. With the elliptic flow given by the mean
value of the ratio (p∗2x − p∗2y )/(p∗2x + p∗2y ) of produced
hadrons as given in Eq.(11), results obtained from the
coalescence model are expected to be reliable because the
momentum is conserved when quarks and antiquarks are
combined into hadrons. This can also be inferred from
the extended coalescence model introduced in Ref. [38],
which conserves energy by taking into account the widths
of hadrons in the hadronic medium, as the quark num-
ber scaling of hadron elliptic flow is observed in both the
usual coalescence model based on the sudden approxima-
tion and the extended coalescence model.
A. quark and antiquark elliptic flows
Figure 3 shows the integrated v2 of light and strange
quarks and antiquarks as functions of time for the cases
of including only the scalar mean field, the scalar and
the time component of the vector mean field, the scalar
and the space component of the vector mean field, and
the scalar and both components of the vector mean field
1 We use this impact parameter since it gives a similar centrality
bin as in the experimental analysis [44] according to the em-
pirical formula c = pib2/σin, where c is the centrality bin and
σin 686 fm
2 is the nucleus-nucleus inelastic cross section from
the Glauber model calculation using the nucleon-nucleon inelas-
tic cross sections of about 30.8 mb.
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FIG. 3: (Color online) Integrated elliptic flow v2 of light and
strange quarks and antiquarks at mid-rapidity (|y| < 1) as
functions of time in Au+Au collisions at
√
sNN = 7.7 GeV and
at impact parameter b = 8 fm for the cases of including only
the scalar mean field (S), the scalar and the time component
of the vector mean field (S + V0), the scalar and the space
component of the vector mean field (S + Vi), and the scalar
and both components of the vector mean field (S + V0 + Vi)
using gV = G/6.
using gV = G/6. It is seen that the difference between
quark and antiquark v2 is small if only the scalar mean
field is included in determining their propagations in the
quark matter. This is due to the fact that through ∇M∗
in Eq. (9) the scalar mean field generates the same at-
tractive force on quarks and antiquarks. Including the
time component of the vector mean field caused by ex-
cess quarks leads to a larger quark than antiquark v2 due
to the resulting repulsive force on quarks and attractive
force on antiquarks. We note that v2 is generated by the
gradient of the pressure, which always points outward in
heavy-ion collisions but is enhanced by a repulsive force
and reduced by an attractive force. Therefore, the time-
component of the vector mean field enhances the v2 of
quarks and suppresses that of antiquarks while the at-
tractive scalar mean field suppresses both quark and an-
tiquark v2 [17]. As to the space component of the vector
mean field, its effect on the v2 of quarks and antiquarks
is opposite to that from the time component but with a
much smaller magnitude. The other difference between
the effect of the space component and that of the time
component of the vector mean field is that the splitting
between the v2 of quarks and antiquarks starts earlier in
the time-component case than in the space-component
case. The reason is that the space component of the
vector mean field is proportional to the baryon current
that takes time to develop and is not large unless the
relativistic flow streams are large [39]. The net result of
the partonic mean fields in our study is that it leads to
a larger quark than antiquark v2 if the produced quark
matter is baryon-rich. These behaviors are seen for both
light and strange quarks. On the other hand, while the
integrated v2 of strange quarks continues to increase with
time, that of light quarks decreases at later times. This is
due to the stronger attractive scalar mean field for light
quarks than for strange quarks as a result of the larger
decrease of the light quark condensate along the radial
direction than that of the strange condensate and the
smaller light quark mass than the strange quark mass.
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FIG. 4: (Color online) Elliptic flow v2 of light and strange
quarks and antiquarks at mid-rapidity (|y| < 1) as functions
of transverse momentum at hadronization for the cases of in-
cluding only the scalar mean field (S), the scalar and the
time component of the vector mean-field (S + V0), the scalar
and the space component of the vector mean field (S + Vi),
and the scalar and both components of the vector mean field
(S + V0 + Vi) using gV = G/6.
For the transverse momentum dependence of the quark
and antiquark v2, they are shown in Fig. 4 for those at the
end of the partonic phase, which is about 2.5 fm/c after
the start of the partonic evolution when the energy den-
sity in the center of produced quark matter decreases to
about 0.8 GeV/fm3, again for the cases of including only
the scalar mean field, the scalar and the time component
of the vector mean field, the scalar and the space com-
ponent of the vector mean field, and the scalar and both
components of the vector mean field using gV = G/6.
Without the vector mean field, the integrated v2 at the
end of the partonic phase is slightly larger for light quarks
than for light antiquarks, resulting in a relative v2 dif-
ference of about 15 %, while those of strange and anti-
strange quarks are similar as shown in the upper left
panel. These results reflect the fact that light quarks,
which are mostly from colliding nuclei, has a smaller ini-
tial eccentricity than those of produced light antiquarks
as well as strange and anti-strange quarks, thus making
them more likely to flow in the reaction plane. Includ-
ing the vector mean field, which has opposite effects on
quarks and antiquarks, increases the relative v2 difference
6between light quarks and antiquarks as well as that be-
tween strange and anti-strange quarks as shown in the
lower right panel. We note that the vector potential
hardly affects the final quark and antiquark transverse
momentum spectra in heavy ion collisions at such a high
energy as considered here since they are mainly deter-
mined by the partonic scattering.
B. hadron elliptic flows
To study how different quark and antiquark v2 is re-
flected in the v2 of produced hadrons, we use the coales-
cence model to convert them to hadrons at hadronization.
It is based on the sudden approximation that hadroniza-
tion occurs fast and hadrons are simply projected out
from the parton wave functions. The mean-field poten-
tial thus does not play a role in this model, except its
effect on the phase space distribution of partons. In this
model, the probability for a quark and an antiquark to
form a meson is proportional to the quark Wigner func-
tion of the meson with the proportional constant given
by the statistical factor gM for colored spin-1/2 quark
and antiquark to form a colorless meson [40–42], that is
fM (ρ,kρ) = 8gM exp
[
−ρ
2
σ2ρ
− k2ρσ2ρ
]
, (12)
where
ρ =
1√
2
(r1 − r2), kρ =
√
2
m2k1 −m1k2
m1 +m2
,
(13)
with mi, ri and ki being the mass, position and mo-
mentum of quark (antiquark) i, respectively. The width
parameter σρ in the Wigner function is related to the
root-mean-square radius of the meson via
〈r2M 〉 =
3
2
m21 +m
2
2
(m1 +m2)2
σ2ρ
=
3
8
m21 +m
2
2
ωm1m2(m1 +m2)
, (14)
where the second line follows if we use the relation σρ =
1/
√
µ1ω in terms of the oscillator frequency ω and the
reduced mass µ1 = 2(1/m1 + 1/m2)
−1.
The probability for three quarks or antiquarks to co-
alescence to a baryon or an anti-baryon is similarly pro-
portional to the quark Wigner function of the baryon,
i.e.,
fB(ρ,λ,kρ,kλ)
= 82gB exp
[
−ρ
2
σ2ρ
− λ
2
σ2λ
− k2ρσ2ρ − k2λσ2λ
]
, (15)
where gB is the statistical factor for three colored spin-
1/2 quarks to form a colorless baryon, and
λ =
√
2
3
(
m1r1 +m2r2
m1 +m2
− r3
)
,
kλ =
√
3
2
m3(k1 + k2)− (m1 +m2)k3
m1 +m2 +m3
. (16)
The width parameter σλ is related to the oscillator fre-
quency by (µ2ω)
−1/2, with µ2 = (3/2)[1/(m1 + m2) +
1/m3]
−1. The root-mean-square radius of a baryon or an
antibaryon is then given by
〈r2B〉
=
1
2
m21(m2 +m3) +m
2
2(m3 +m1) +m
2
3(m1 +m2)
ω(m1 +m2 +m3)m1m2m3
.
(17)
For the mesons K±, the baryons p and Λ, and the
anti-baryons p¯ and Λ¯ considered here, their statistical
factors in the quark coalescence are gK± = 1/36 and
gp = gΛ = gp¯ = gΛ¯ = 1/108. The oscillator frequency
ω is determined from the root-mean-square radius of the
produced hadron, which is taken to be 0.6 fm for K±,
and 0.877 fm [43] for both p and Λ as well as for p¯ and
Λ¯. We do not consider π+ and π− elliptic flows because
they are affected similarly by the partonic mean fields as
a result of similar elliptic flows for u and d quarks as well
for u¯ and d¯ antiquarks.
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FIG. 5: (Color online) Elliptic flows v2 of midrapidity (|y| <
1) p and p¯ (left panel), Λ and Λ¯ (middle panel), and K+ and
K− (right panel) at hadronization as functions of transverse
momentum for gV = G/6. Experimental data are taken from
Refs. [44].
In Fig. 5, we show by solid and dashed lines, respec-
tively, the v2 of p and p¯ (left panel), Λ and Λ¯ (mid-
dle panel), and K+ and K− (right panel) at hadroniza-
tion as functions of transverse momentum for gV = G/6.
It is seen that the quark coalescence leads to a larger
7hadron v2 than the quark v2 at same transverse mo-
mentum. Furthermore, the v2 of p, Λ, and K
+ are re-
spectively larger than those of p¯, Λ¯, and K−, leading
to the relative differences between their integrated v2,
[v2(particle)− v2(antiparticle)]/v2(particle), of about 49,
48, and 9%, respectively, as shown by solid symbols in
Fig. 6 for gv/G = 1/6, compared with 63±14, 54±27, and
13±2% measured in experiments shown by open symbols
in the left side of Fig. 6. We note that although the in-
tegrated v2 of up and down antiquarks is almost zero at
hadronization as shown in Fig. 3, the v2 of p¯ is slightly
positive. This is due to the fact that the scaled antiproton
v2 as a function of the scaled transverse momentum, i.e.,
divided by the number of constituent antiquarks in an
antiproton, is larger than that of antiquark v2 as a result
of appreciable eccentricity at hadronization in heavy ion
collisions at
√
s = 7.7 GeV, contrary to the case in colli-
sions at the much higher energy of
√
s = 200 GeV [45, 46].
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FIG. 6: (Color online) Relative differences between inte-
grated v2 of mid-rapidity (|y| < 1) p and p¯ (solid squares),
Λ and Λ¯ (solid circles), and K+ and K− (solid triangles) at
hadronization for several values of the isoscalar vector cou-
pling. Experimental data from Refs. [8, 9] are shown by open
symbols in the left side.
The dependence of the relative difference between inte-
grated particle and antiparticle v2 on the vector coupling
gV is shown in Fig. 6. Besides the value gV /G = 1/6,
two other values of 0 and 0.73, the latter from the Fierz
transformation, are also used. It is seen that without vec-
tor interactions, the v2 of p, Λ and K
+ are larger than
those of p¯, Λ¯ and K−, respectively, by about 15%, since
the v2 of light quarks is slightly larger than that of light
antiquarks as shown in Figs. 3 and 4. With increasing
strength of the vector coupling, the relative integrated v2
differences between p and p¯ as well as between Λ and Λ¯
increase almost linearly. An opposite behavior is, how-
ever, seen for the relative v2 difference between K
+ and
K−, i.e., it decreases with increasing strength of the vec-
tor coupling, and this is due to the fact that the vec-
tor mean field, which acts similarly on light and strange
(anti-)quarks, reduces the effect due to different spatial
eccentricities of quarks and antiquarks.
V. SUMMARY
We have studied the effect of partonic mean fields on
the elliptic flows of quarks and antiquarks in a brayon-
rich quark matter by using a transport model based on
the NJL model. For the scalar mean field, which is at-
tractive for both quarks and antiquarks, it leads to a
similar reduction of the quark and antiquark v2 as first
found in Ref. [17]. The vector mean field, on the other
hand, has very different effects on quarks and antiquarks
in the baryon-rich matter as it is repulsive for quarks
and attractive for antiquarks. The time component of
the vector mean field turns out to have the strongest ef-
fect, resulting in a significant splitting of the quark and
antiquark v2 as a result of enhanced quark v2 and sup-
pressed antiquark v2. The space component of the vector
mean field has, however, an opposite effect; it suppresses
v2 of quarks and enhances that of antiquark, although
relatively small and appearing later in the partonic stage
compared to that of the time component of the vector
mean field. Using the quark coalescence model, we have
further studied the elliptic flows of p, Λ, and K+ and
their antiparticles produced from the baryon-rich quark
matter and found that the differences between particle
and antiparticle elliptic flows are appreciable as a result
of the different quark and antiquark v2. The magnitude
of the relative integrated v2 difference between particles
and their antiparticles depends on the strength of the vec-
tor coupling. As shown in Fig. 6, although using a larger
vector coupling in the partonic matter can describe the p
and p¯ as well as the Λ and Λ¯ relative v2 differences that
were measured in experiments by the STAR Collabora-
tion [44], it fails to reproduce the measured relative v2
between K+ and K−. This is not surprising since other
effects that can lead to the splitting of the elliptic flow of
particles and their antiparticles have not been included
in the present study. For example, we have not included
the chemical reactions of partons, such as the quark-
antiquark creation and annihilation, and hadronic mean-
field effects. Both are expected to also lead to a split-
ting of the quark and antiquark v2 as shown in Ref. [14]
based on the ideal hydro+UrQMD hybrid model that as-
sumes local thermal and baryon chemical equilibrium in
the initial stage of heavy ion collisions, and in Ref. [13]
based on the AMPT model using empirically determined
hadronic potentials. Although a quantitative determina-
tion of the partonic vector interaction requires a more
complete study that includes above mentioned effects,
the present study has clearly shown that the splitting of
quark and antiquark elliptic flow and thus that of parti-
cles and their antiparticles is sensitive to the strength of
the partonic vector interaction. Our results therefore in-
dicate for the first time that studying the elliptic flow in
8heavy ion collisions at BES energy can potentially allow
for the determination of the partonic vector interaction
in baryon-rich QGP and thus the equation of state of
QGP at finite baryon chemical potential.
Finally, the v2 of π
+ and π− are the same in the present
study because we have not included the isovector part of
partonic mean fields. As shown in Ref. [13], including the
isovector hadronic mean fields indeed leads to a splitting
of the v2 of π
+ and π−, although a factor of five smaller
than the measured value. It is thus also of great interest
to study the effect of quark isovector mean fields on the
π+ and π− v2 difference and compare it with that due to
the chiral magnetic effect suggested in Ref. [12].
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